The orientation of DNA molecules has been determined by labelling one of the moleoule end with a Biotin-labelled analog of dTTP (Bio-dUTP) and then by completing the Bio-dUTP with Avidin-Ferritin. DNAs of 0X171, pBR322 and SV40 were end labelled with Bio-dUTP and imaged by Electron Microscopy (EM). This is a rapid, general method to unambiguously determine the orientation of DNA molecules for precise mapping and quantification of DNA secondary structures or protein-DNA interaction sites using EM. 
obtained when using radioactive eompoimds (7) . In fact, there are literature reports which detail the use of biotinylated nucleic acids for 3uch purposes as indicators in hybridization and sequencing (8, 9, 10) .
When Avldin Is coupled to ferritin, an electron-dense iron metalloprotein, the complex is visible using EH. Several recent studies have taken advantage of the EM visibility of the coupled Avldin-ferritin (11, 12) . The Avldin-ferritin complex has already been used to reveal the site of DNA repair in ultraviolet irradiated cells by incorporating Blo-dUTP at repair sites (11) . The repair 3ltes which incorporated the Bio-dUTP were then visualized by ccmplexation with the Avldln-ferritin moiety. In another study, singlestranded regions in Cauliflower Mosaic Virus (12) were Imaged using EM following incorporation of Bio-duTP by fdenow fragment polymerase (Kf polymerase). Bio-dOTP has also been Incorporated by Kf polymerase at the 3' OH end of a synthesized oligonucleotide probe (13) . However such labelling was possible only because the probe contains an adenine at one of its terminal single strand ends.
In this report, we show that by Judicious choice of restriction enzymes, it is possible to label a single end of a double-stranded DNA and thereby use EM to determine its orientation in a single step. Moreover this method is also used to identify a specific restriction fragment in a mixture of fragments. Through this method, linearized DNAa of a bacterial phage, a plasmld, and a eucaryotlc virus were oriented using darkfleld electron microscopy without the use of cytochrome C (14, 15) .
MATERIALS AMD METHODS
-DNAs : 0X174 Repllcatlve Form RFI (5386 bp), pBR322 (4363 bp), and SV40 (5343 bp) were purchased from New England Blolabs. In this work 0X174 DNA always refers to double stranded DNA.
-Enzymes : restriction enzymes were purchased from BoehringerMannheim, New England Biolabs, or Genofit. Kf DNA polymerase was purchased from BRL. All enzymes were used without further purification.
Nucleotldes : all deoxyribonucleotides were purohased from Boehr inger-Mannhelm.
-Blotlnylatlon reagents : the Bio-dUTP and monooeric Avidlnferrltln were gifts (G. de Hurcla).
-FPLC : following restriction and labelling, the DNAs were purified using a Pharmacia FPLC P-500 system with a 0.5 x 5 cm Superose 6 colunn operating at a flow rate of 50 /il/min.
Preparation of DHA with a bio-dUTP label
The DNAs were restricted under standard buffer conditions (10 mM Tris/HCl pH 7.1, 50 nH NaCl, 10 mM HgCl 2 ) in a 30 /JI solution (DNA concentration 30//g/ml) with 5.0 unit of enzyme. The digests were incubated for 1 h at 37° C.2 /il of a 100 pM Blo-dUTP solution was added along with any necessary dXTP3 (1 //I of a 1 mM solution) and 0.6 unit of Kf polymerase. The volume of the reaction was adjusted to 50/JI by the addition of 100 mM NaCl, 10 mH Tri3-HCl, 0.2 mM EDTA, pH 7.4 (Buffer A) and incubated at 37°C for 15 min. Unincorporated Bio-dUTP and dXTPs were removed by FPLC. Buffer A was used because it prevents non-specific fixation of ferritin to DNA (12) . DNA fractions of 25 fil were pooled and adjusted to 5 /jg/ml.
Avidin-ferritin labelling
To 25 /il of the purified blotinylated DNA, 2^1 of Avidin-ferritin (62 /ig/ml) were added to yield a final molar ratio of 10/1 Avidinferritin/Blotin. The reaction was incubated for 1 h at room temperature. A second restriction was then performed by adding 2 fjl of a 50 mM MgCl,, solution and 5 unit of restriction enzyme. The DNA was then purified using FPLC to remove the restriction enzyme and unfixed Avidin-ferritin.
Electron •icrosoopy
After each reaction step, aliquots were removed and electron micrographs were obtained.
The DNA (5 fil of a 0.5 ug/ml solution) was deposited on a carbon-coated 600 mesh grid activated by glow discharge in the presence of pentylamine (16) . Grids were stained with a 2 % uranyl acetate-solution, dried and observed by darkfleld electron microscopy in a Zeiss EM 902 microscope.
In order to verify that the lengths of the different molecules showing ferrltins were in agreement with the theoretical values, prints at 150,000 x magnlfioation were digitized using an ACT digitizer and processed with in house software on a KONTRON microcomputer.
Aim of the method
When Type II restriction endonucleases cleave DNA, one of 3 different types of ends is generated, depending on the enzyme (17) . These different types of ends are : 1)3' recessed ends such as generated by EooRI cleavage, 2) 5' recessed ends such as generated by PstI cleavage, and 3) blunt-ends such as generated by PvuII. Only 3' recessed ends are good substrates for the Kf polymeraae activity.
In order to obtain DNA with a Bio-dUTP label at only one of the ends, there are two simple methods. In the most simple case, it is possible to fill in one end of the DNA using Kf polymerase and Bio-dUTP and not incorporate Blo-dUTP at the other end of the molecule. In thi3 case only one adenine is involved in the restriction sequence. This is demonstrated in this study for the Avail digest of 0X174 RF I DMA, the Aval digest of pBR322 DNA, and the AccI digest of SV40 DNA. The other method to obtain DNA labelled with Bio-dUTP at one end only requires that there is two adenines involved in the restriction site. Initially, both ends are labelled with Bio-dUTP, followed by cleavage with a second enzyme. The second digest creates two labelled fragments, and possibly other unlabelled fragments. By carefuly choosing the second enzyme, the two labelled fragments differ in size signifioantly and are resolvable by EM. This method is illustrated in this study for the BamHI and PvuII digests of pBR322 DNA. This method of labelling is also useful to identify particular restriction fragnents in a mixture, as indicated for the AccI digest of 0X174 DNA. 
RES0LT5
For each of the following analyses 300 molecules were observed at a magnification of 50,000 x (200,000 x on the video screen of the microscope).
Starting DNA solutions were supercoiled to a level of 95 % for 0X174 DNA, 79 1>
for pBR322 DNA and 85 % for SV40 DNA. Remaining molecules were mainly relaxed with a small amount of linear DNA (less than 2%).
After incubation with Avail and AccI respectively, 0X174 DNA and SV40
DNA were 100 % linearized. 89 % of pBR322 molecules were linearized by Aval, the others being only nicked.
When DNAs were observed after Blo-dUTP incorporation and purification, their general structural features were unaffected.
Avidin-ferritin end labelled 0X174 DNA molecules are presented in panel I figure A before FPLC purification and figure B after purification using the Superose 6 column which reduces the background of unbound avidinferritin.
Selective labelling of a single end of double-stranded DBA molecules
Results are presented in These results confirm that the Bio-dUTP is effectively incorporated in the adenine containing end. The orientation of these three DNA molecules is obtained in a one step restriction reaction and the integrity of the whole molecule is maintained by this procedure.
Labelling both ends of a double-stranded DHi nolecule
When circular pBR322 DNA is cleaved by BamHI (single restriction site at position 375), both single stranded 3' recessive ends contain an adenine For 0X174 DNA Aool produoes two fragments with 3' recessive ends. One of them is labelled with Bio-dUTP at both ends. Two labelled fragments are shown in figure B. One of them is a linear one whereas the second is circular due to interaction between the two terminal ferritina. When 0X174 DNA is cut with Ahalll the two obtained blunt end fragments can be labelled. Figure C shows the small circularized fragment and an entire labelled 0X174 DNA molecule which is cleaved at one site.
For all figures the bar equals 0.2 /in. the molecules is not maintained. This method is similar to the method used to isolate fragments for chemloal sequencing (18) . Double terminal labelling was also visualized on 0X174 RF DNA restriction fragments. 0X174 RFI DNA was restricted by Acol which produces two fragments : 2332 bp and a 3054 bp. The small fragment contains adenlne at each of its end3 whereas the large fragment contains the corresponding thymidine as presented in the diagram B of panel III. These fragments were biotinylated, complexed with Avidin-ferritln and analysed by 04.
No large labelling fragments were observed but only small ones. The population of Avidin-ferritin labelled fragment consisted of three types. 17 t were labelled at one end and 37 % were labelled at both ends. Within those 37 tt 5 $ were linear and 32 % were circular. The natural tendency of ferritln to make dimers may explain this circularlzatlon. These fragments are shown in figure B of panel III.
Labelling of other types of restriction fragments
Kf polymerase Is able to exchange the last 3' OH nuoleotide of a bluntend (19) . To check this exchange we attempted to incorporate Bio-dUTP at the ends of 0X17t DNA out by Ahalll which has two restriction sites (5' TTT/AAA 3') at position 327 and T)06. The two obtained blunt-end fragments containing a terminal 3' OH thymidine are presented in the diagram C of panel III. These fragments were biotinylated, deposited on grids and observed. The labelling was efficient on both small and large fragments. They presented one (30 J) or two (26 %) labelled ends. Most of these doubly labelled fragments were circularised as observed for 0X171 DNA cut by AccI, but higher yield of clrcularisation was observed for the small fragments than for the large ones. Figure C of panel III presents a small circular double-labelled fragment and an entire linearized 0X174 DNA molecule labelled with two ferritlns at both ends.
Other types of blunt-ends were also tested. When thymidine was in 5' phosphate position, aa for 0X17^ DMA fragments obtained by restriction with XmnI it was not efficiently replaced by Bio-dUTP, 8 % of labelling. When there is no terminal thymidine at the end of a blunt-end fragment as for pBR322 DNA restricted by PvuII, no labelling was observed. (see table 1 ).
According to our results, it is possible to label one or both ends produced by other available restriction enzymes. Enzymes giving 3' recessive termini with only one adenlne Involved in the restriction site such as BstWI (5' CC/AGG 3 1 ) and those giving blunt-end with 3'0H terminal thymidine at only one end can be used to efficiently end label DNA with Bio-dUTP in a single step restriction reaction. Enzymes giving 3' recessive ends with an adenlne on both produced termini or those giving blunt ends with a terminal 3' CH thymidine at both end3 can be also used to label DNA. In this case the orientation is performed with a second restriction of the doubly labelled molecule.
As Kf polymerase is unable to incorporate nucleotides at 5' recessive termini, other polymerases must be used to label such extremities. T 1 ) DNA polymerase, which has a higher 3' » 5' exonuclease activity than that of Kf polymerase, is able to digest the 3' protruding extremity and to exchange the last 3' OH base (20) with a Bio-dUTP if this one is a thymidine. Terminal transferase which is able to add a dXTP at a 3'0H protruding extremity in presence of Mg + or to blunt-end in presence of Co + can al30 be used to label these types of ends (21) .
Biotin labelling can be performed through the use of other biotlnylated deoxyribonucleotides. In this work, we have used Blo-dUTP to label one end of DNA molecules, but as Bio-dATP is also available, the other end of the molecules could be labelled with the same protocol. The use of biodGTP or Bio-dCTP, not yet synthesized to our knowledge, will widen the field of application of this method.
Proteins with high affinity for particular DNA sequences 3uch as RNA polymerases, repressors or Z-DNA antibodies could also be used to orient the DNA. However, all the studied DNA molecules do not contain these particular sequences or structures.
The essential goal of the terminal biotinylation procedure that we present i3 to obtain orientated DNA molecules. Orientation facilitates fine mapping of DNA-proteln binding sites studied by EM. Moreover, it will allow comparisons of the binding frequency of these sites and will establish a clear hierarchy of protein affinities for these differents sites. In addition, particular secondary structures could not only be mapped, but the ability of DNA sequences to adopt such particular structures could also be compared.
In conclusion, through the use of the Biotin-Avidln system an efficient protocol to determine DNA orientation is presented. The major advantage of the biotinylation prooedure we presented resides in the various combinations offered to perform it and in the possibility to label a chosen end of the DNA molecule.
